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ONR  SUMMARY  ON  "LIQUID  AND  SOLID  ION  PLASMAS 


I.  INTRODUCTION 

In  these  experiments,  performed  at  the  National  Institute  of  Standards 
and  Technology,  Boulder,  Colorado,  atomic  ions  are  stored  in  combinations  of 
electric  and  magnetic  fields.  The  resulting  nonneutral  ion  plasmas  can  be 
viewed  as  one  component  plasmas  where  global  equilibrium  is  obtained  over  long 
times  (many  hours).  The  use  of  atomic  ions  allows  laser  cooling,  where  the 
temperatures  of  the  plasma  can  be  reduced  to  10  mK  or  less.  For  the  densities 
typically  achieved  (up  to  1010  cm'3)  the  plasmas  become  strongly  coupled  with 
coupling  parameters  T  in  excess  of  100.  The  same  lasers  can  be  used  to  impart 
angular  momentum  to  the  plasma  which  provides  a  convenient  method  to  control 
the  density.  The  laser  light  which  is  scattered  from  the  ions  can  also  be 
observed  in  an  imaging  camera  so  the  photographs  and  real  time  videos  of  the 
plasma  can  be  made.  Finally,  by  measuring  the  spectra  of  certain  transitions 
in  the  ions,  we  can  extract  Doppler  shifts  and  Doppler  broadening  which  allows 
us  to  determine  plasma  temperature  and  rotation  frequencies  (and  therefore, 
densities).  Current  efforts  are  devoted  to  applying  these  techniques  to  the 
measurement  plasma  dynamics  and  spatial  correlations  in  ion  plasmas. 


II.  SUMMARY  OF  PROGRESS  IN  FY  '91 

A.  Electrostatic  Modes  of  a  Spheroidal  Penning  Trap  Plasma 

We  have  continued  to  carry  out  work  on  the  quadrupole  modes  of  a 
spheroidal  Penning  trap  plasma.  In  the  limit  that  the  Debye  length  «  plasma 
dimensions  «  trap  dimensions,  a  nonneutral  plasma  in  a  Penning  trap  has 
constant  density  with  a  sharp,  spheroidal  boundary.  The  electrostatic  modes 
of  such  a  plasma  can  be  calculated  analytically  and  are  characterized  by  two 
integers  (i,m).  The  indices  i  and  m  refer  to  a  description  of  the  modes  in 
spheroidal  coordinates,  with  m  describing  the  azimuthal  variation  (angle 
variable  <j>)  and  i  the  variation  along  a  spheroidal  surface  in  a  direction 
perpendicular  to  4>.  In  our  trap  we  are  able  to  excite  a  (2,0)  mode  by 
applying  a  sinusoidal  potential  to  the  ring  (central)  electrodes  of  the  trap. 
In  a  (2,0)  mode,  the  plasma  always  stays  spheroidal,  but  the  plasma  aspect 
ratio  (the  length/diameter  of  the  plasma)  oscillates  in  time.  We  are  also 
able  to  excite  the  static  (2,1)  mode  by  tilting  the  trap  symmetry  axis  with 
respect  to  the  magnetic  field  axis.  There  are  three  (2,1)  modes.  In  each  of 
these  modes  the  plasma  keeps  its  equilibrium  shape  but  is  tilted  (or  rotated) 
with  respect  to  the  magnetic  field  axis  (z  axis)  of  the  trap.  The  tilted 
plasma  then  precesses  about  the  magnetic  field  axis  at  the  mode  frequency.  In 
a  frame  of  reference  rotating  with  the  plasma,  one  of  these  modes  precesses  in 
a  direction  opposite  to  the  plasma  rotation  and  for  a  particular  rotation 
frequency  can  be  a  zero  frequency  mode  in  the  lab  frame.  We  are  able  to 
excite  only  the  static  (2,1)  mode  because  our  electrodes  are  not  split  into 
azimuthal  sections  which  would  permit  more  general  asymmetric  drives. 
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With  radiation  pressure  from  two  lasers  we  remove  energy  and  control  the 
angular  momentum  of  a  plasma  of  ®Be+  ions.  As  reported  in  our  recent 
publication  (D.  J.  Heinzen,  et  al.,  Phys.  Rev.  Lett.  6£,  2080  (1991)),  the 
static  (2,1)  mode  was  excited  on  a  plasma  of  2000  9Be+  ions  at  B  -  0.82  T  when 
the  plasma  rotation  frequency  was  increased  to  the  rotation  frequency  where 
the  (2,1)  mode  is  static.  Excitation  of  this  mode  produced  a  heating  of  the 
ion  plasma.  This  past  year  we  have  also  been  able  to  spin  up  plasmas 
consisting  of  40000  9Be+  ions  at  B  -  6  T  (0(®Be+)  -  10.2  MHz).  With  care  we 
could  obtain  rotation  frequencies  w  >  fi/2  and  ion  densities  near  1010/cni3.  The 
(2,1)  heating  resonance  was  observed  to  be  very  strong.  Our  alignment 
mechanism  for  the  trap  was  not  good  enough  to  align  the  trap  so  that  heating 
due  to  the  (2,1)  mode  could  be  avoided.  We  also  observed  additional  heating 
resonances  at  rotation  frequencies  less  than  the  (2,1)  heating  resonance. 

These  additional  resonances  presumably  correspond  to  higher  order  static 
resonances  which  have  recently  been  calculated  by  Prof.  Dan  Dubin  at  UCSD. 

They  have  the  effect  of  limiting  the  plasma  density  to  even  lower  values  than 
the  static  (2,1)  resonance.  This  has  important  implications  for  work  where 
large  numbers  of  charged  particles  are  to  be  stored  in  a  Penning  trap. 

In  addition  to  measuring  the  (2,0)  plasma  mode,  we  have  also  detected 
and  measured  the  (2,0)  upper  hybrid  mode.  This  work  was  done  at  B  -  0.82  T. 
Both  the  plasma  and  upper  hybrid  (2,0)  modes  determine  the  plasma  rotation 
frequency  and  aspect  ratio.  Therefore  measurement  of  these  modes  may  be 
useful  in  experiments  with  trapped  positrons  and  antiprotons  where  other 
nondestructive  means  of  obtaining  this  information  is  not  available.  We  have 
done  some  calculations  which  provide  the  plasma  rotation  frequency  (and 
therefore  the  density  and  aspect  ratio)  for  a  measured  (2,0)  mode  frequency. 
This  will  be  included  in  a  future  publication.  We  have  also  observed  the 
actual  oscillation  which  the  plasma  undergoes  when  the  (2,0)  plasma  mode  is 
excited.  This  was  done  by  detecting  the  ion  fluorescence  from  the  radial  edge 
of  the  plasma  in  coincidence  with  the  sinusoidal  drive  applied  to  the  ring 
electrodes.  The  drive  is  used  to  excite  the  mode.  A  zero  crossing  of  the 
drive  triggered  a  start  pulse  of  a  time  to  amplitude  converter.  A  stop  pulse 
was  generated  by  a  detected  photon.  In  this  way  a  histogram  of  photon  counts 
as  a  function  of  time  was  obtained  which  showed  the  plasma  radius  oscillating 
at  the  drive  frequency.  This  technique  could  be  used  in  the  future  to  observe 
the  damping  of  the  modes  after  the  drive  is  turned  off. 

B.  Linear  Paul  Trap 

We  have  constructed  an  rf  (Paul)  trap  like  the  one  shown  in  Fig.  1.  In 
this  trap,  the  rf  electric  fields  are  transverse  to  the  trap  axis  for  the 
entire  z  extent  of  the  trap.  If  a  cigar  shaped  plasma  is  confined  in  such  a 
trap,  the  "rf  heating"  caused  by  the  micromotion  is  reduced  relative  to  that 
in  a  quadrupole  rf  trap  because  the  heating  is  caused  only  by  the  ions  which 
are  displaced  from  the  z  axis.  If  the  diameter  of  the  plasma  is  small  the  rf 
heating  will  be  small.  This  may  eventually  allow  us  to  study  strongly 
coupled  plasmas  on  large  numbers  of  ions  in  a  ponderomotive  force  (rf)  trap. 

In  Fig.  2a,  we  show  a  string  of  199Hg+  ions  confined  in  a  linear  trap 
with  rod  diameters  1.60  mm  and  distance  of  the  rod  centers  from  the  z  axis  of 
the  trap  equal  to  1.55  mm.  The  spacing  of  the  ions  is  approximately  20  /im. 
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Fig.  1.  Linear  trap  configuration.  The  alternating  rf  voltage  Vocos0t  is 
applied  to  diagonally  opposing  electrodes  as  shown.  We  assume  the  end 
portions  of  the  electrodes  are  long  enough  that  the  resulting  rf  potential  at 
the  position  of  the  ions  is  independent  of  z,  so  that  the  rf  electric  fields 
are  parallel  to  the  x-y  plane.  To  trap  ions  along  z,  the  center  four 
electrodes  are  held  at  static  ground  potential  and  the  two  sets  of  four 
electrodes  on  either  end  are  held  at  a  static  potential  Uc  (Uc  >  0  to  trap 
positive  ions).  The  average  position  of  the  ions  could  be  made  to  coincide 
with  the  rf  electric  field  null  by  applying  slightly  different  static 
potentials  to  the  four  central  rods  to  correct  for  offsets  from  contact 
potentials,  etc. 


When  the  linear  density  of  ions  is  increased  by  increasing  the  static  voltage 
applied  to  the  end  sections  of  the  rods,  or  when  the  x-y  potential  is 
weakened,  zig-zag  structures  like  those  shown  in  Fig.  2b  result.  These 
structures  are  the  lowest  energy  configurations  expected  for  a  certain  range 
of  the  ratio  of  z  confining  potential  and  x-y  potential. 


(a) 


(b) 


g  ^  '<5  $  *  * 


Fig.  2.  Images  taken  of  crystallized  structures  of  199Hg+  ions  in  a  linear  rf 
trap  like  the  one  of  Fig.  1.  In  (a),  10  ions  form  Into  a  string  with  length 
220  n m.  In  (b) ,  the  the  lowest  energy  configuration  for  13  ions  is  a  zig-zag 
structure.  In  (a)  and  (b) ,  the  trap  conditions  are  different  but  the 
magnification  is  the  same. 
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The  crystalline  structures  we  have  observed  are  closely  related  to  the 
structures  expected  for  cold  ions  in  ion  storage  rings.  With  improvements  in 
the  trap  design,  we  hope  to  be  able  to  confine  much  larger  numbers  of  ions  and 
more  closely  approximate  the  conditions  realized  in  ion  storage  rings. 
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